This paper deals with the development of low carbon NbTiB micro-alloyed high strength low alloy steel for heavy plates with high wall thickness. In the production of heavy plate it is remarkably difficult to achieve a combination of high strength and good low-temperature toughness. Bainitic microstructures have shown the capability to attain such requirements. To achieve a bainitic microstructure even for heavy wall products the formation of bainite can be promoted and supported by the use of small amounts of boron as a micro-alloying element. This industrial research project is based on the addition of small amounts of boron to promote the desired bainitic structure. Mill rolling trials were carried out to determine the optimum process parameters. The results of experimental mill rolling trials on 35 mm plates will be presented in this paper.
Introduction
Due to its segregation behaviour to the austenite grain boundaries boron is an efficient promoter of a bainitic microstructure by retarding the austenite to ferrite transformation. But only boron in free solution is known to be effective. To keep boron in free solution it is of great importance to avoid the precipitation of boron-carbonitrides. This can be avoided by the addition of the micro-alloying element titanium which neutralises the precipitation forming elements such as carbon and nitrogen. The additional use of niobium further promotes the formation of a bainitic microstructure [1, 2, 3] . This kind of micro-alloying concept can only be effective in combination with an optimised thermomechanical rolling process followed by accelerated cooling.
Design and Processing of NbTiB Steel
Bainitic microstructures have shown the capability to achieve a combination of high strength and good low-temperature toughness. The desired microstructure can be promoted by the addition of small amounts of boron (< 40 ppm), where boron segregates to the austenite grain boundaries. Boron also has a high affinity to carbon and nitrogen, but it can only act as a promoter of a bainitic microstructure when it is in free solution. The undesired formation of coarse Fe 23 (CB) 6 precipitates can be prevented by the reduction of the carbon level below 0.06 %. By adding titanium the formation of boron-nitrides can be prevented. The level of titanium is controlled as a function of the nitrogen level in order to ensure a stoichiometric Ti/N ratio. Niobium inhibits the nucleation and growth of ferrite and helps in the homogenous distribution of boron to austenite grain boundaries. Therefore, the amount of solute carbon not combined with niobium is reduced [1] [2] [3] [4] [5] .
The chemical composition which is presented in this paper contains amongst the above mentioned elements all other alloying components that ensure the safe production of a high strength line pipe grade such as API X80. The basic alloying concept is given in Table 1 . Since boron has been shown to shift the ferrite nose in time-temperature-transformation diagrams ( Fig. 1) , one should expect little change in the microstructure over a wide cooling range [3] .
Fig. 1: TTT-diagramme of the presented B-alloyed pipeline steel
A very positive effect of retarding the austenite to ferrite transformation can be found in the widening of the production window for bainitic steels. A bainitic microstructure and therefore the best possible combination of strength and toughness properties can be produced even if the finishing rolling process is carried out at relatively low temperatures. With respect to an optimum combination of the mechanical-technological properties of the product, the formation of martensite has to be avoided [3, 6] . Table 2 summarises the main process parameters for the mill trials of this investigation. Rolling at low temperatures is possible because very little ferrite forms below the Ar3 temperature and therefore no structural changes are to be expected.
During the investigation the influence of different reheating temperatures on the properties of the new steel have been investigated. The choice of an optimum reheating temperature is influenced by the contents of carbon and niobium in the chemical composition. The grain coarsening of austenite during the reheating process is influenced by the time of reheating and the reheating temperature itself. Lowering the reheating temperature on the one hand reduces the initial grain size of austenite
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Microalloying for New Steel Processes and Applications which positively influences the toughness properties of the product. On the other hand the reheating temperature must be sufficiently high enough for a maximum dissolution of niobium which forms carbonitride precipitates during the thermomechanical rolling process [7, 8] . The proper balance between lowering the reheating temperature to avoid too high grain coarsening and increasing the reheating temperature for the solution of the micro-alloying elements was one challenge during this investigation.
Due to the strong transformation retarding effect of boron as a micro-alloying element, the finish rolling temperature as well can be decreased. Micro-alloying with less than 40 ppm boron reduces the Ar3 transition temperature by up to 50 °C compared to conventional NbTi micro-alloyed steels.
As the avoidance of martensite in the microstructure is very important to ensure the best possible toughness level in combination with a high strength grade, the cooling stop temperature has to be controlled very carefully. On the other hand a too high cooling stop temperature leads to an upper bainitic microstructure that is also to be avoided [4, 5, 9] .
Results

Fig. 2
describes the development of the applied rolling force (dotted line) and rolling temperature (solid line) in the single rolling steps. The slope of the curve for the rolling force exhibits two major points of interest. The first is marked as T nr (recrystallisation stop temperature) and the second one is marked as range of transformation (A r3 -A r1 ). During pre-rolling the rolling force is steadily increased until it reaches the maximum value in rolling step 4. Afterwards the rolling load remains nearly constant during the last two steps of the pre-rolling phase. This area is marked as T nr .
Between the deformation step number 21 and 22 an increase of rolling force described as range of transformation is observed. These points indicate an important temperature range over which austenite pancaking can be performed during steel rolling. Depending on the chemical composition published algebraic correlations can be used to calculate the specific temperature range. One has to assure that the pre-rolling of the plates is finished before the critical temperature T nr is reached.
Below this temperature no recrystallisation takes place and the intermediate product does not have the desired microstructure for the finish rolling step [10] .
If the rolling parameters are chosen according to the before mentioned aspects a microstructure as it can be seen in Fig. 3 is obtained. The microstructure is mainly bainitic and contains only small amounts of ferrite and martensite. 4 gives an overview of the obtained mechanical properties of the rolled plates. As it can be seen from this figure all plates met the required yield and tensile strengths for API grade X80. Some of the plates with the higher reheating temperature even reached yield and tensile strengths in the range of API grade X100. By comparing the results of the two reheating conditions it can be seen that increasing the reheating temperature leads to ~50 MPa higher strength values. Keeping the very low carbon content in mind as well as the fact that apart from molybdenum no other alloying element was used these results underline not only the importance of the thermomechanical rolling process but also the strong influence of boron as a micro-alloying element. The mechanical properties of these steels are very sensitive to the amount of boron added. It is crucial that the boron level in the steel is tightly controlled since it has been shown in previous literature that coarse iron boron-carbides can form above a certain boron level for a plain NbTiB
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Microalloying for New Steel Processes and Applications steel. As mentioned before, these precipitates lead to a deterioration of the attainable toughness properties [3] . In Fig. 5 the results of the Charpy impact tests and the BDWT-tests for all plates are presented. The testing temperature was -20 °C. The plates with lower reheating temperature had impact energy values among 120 J and 210 J while the plates with the higher reheating temperature showed impact energy values between 150 J and 220 J. Low BDWT results between 20 and 65% were obtained at the lower reheating temperature. By increasing the reheating temperature it was possible to increase the BDWT values. Further optimisation of the rolling parameters lead to an additional increase of the BDWT values. The last trials showed a stable BDWT-level above 70% shear area. Due to the lower deformation ratio the roughing phase of the rolling process during which the austenite is forced to recrystallise is less pronounced for a wall thickness of 35 mm [5, 11] . The already mentioned influence of the reheating temperature on the tensile properties can also be found in Fig. 6 . An increase of the reheating temperature of about 90 °C causes an enhancement of yield strength and tensile strength. The minimum increase of yield strength found within this investigation was about 20 MPa. For tensile strength a minimum increase of 30 MPa was determined. As illustrated by Fig. 7 the yield strength was not affected by the time between roughing and finishing. Over a wide range of time spans no evidence for any recovery or softening behaviour was observed.
Depending on the specific chemical composition the reheating temperature has to be high enough to complete the roughing phase of the rolling process before the recrystallisation of the austenite stops. As can be seen from Fig. 8 a finish temperature for roughing below the recrystallisation temperature of the austenite drastically affects the toughness properties, especially the results of the Battelle drop weight tear test, as the critical grain refinement of austenite during roughing is not achieved. The Charpy impact energies decreased with increasing time as shown in Fig. 9 . When the time between roughing and finishing was almost doubled the determined Charpy impact energies were decreased about 90 J. Lowering the finish rolling temperature to mark the possible process boundaries can drastically increase the time between roughing and finish rolling. This not only negatively affects the productivity of a heavy plate mill, but as well the properties of the product. Fig. 10 describes the influence of the finish rolling temperature on the Charpy toughness properties. It can be seen here that the upper boundary of the single values is raised while the lower boundary is unaffected to a large extend. When the finishing temperature is increased the lower boundary of the determined values stays nearly unaffected as the upper boundary raises.
570
Microalloying for New Steel Processes and Applications 
Conclusion
In this paper the results of a large scale mill trial investigation on a low carbon NbTiB microalloyed steel are presented. It was observed that for the proper processing of this steel by a thermomechanical treatment each and every individual process parameter has to be controlled and optimised.
The slab reheating temperature influences the strength as well as the Charpy impact toughness properties of the heavy plate material. By increasing the reheating temperature more niobium will be in solution. This positively affects yield and tensile strength. Furthermore, by optimising the reheating temperature and rolling parameters a BDWT level above 70% could be obtained. It can also be assured that the important first or roughing rolling is carried out in the correct range of temperatures above the recrystallisation stop temperature for austenite. Based on these results it is possible to further optimise the rolling parameters to improve the BDWT results. Boron causes a shifting of the austenite-ferrite transition curve. Due to this, a bainitic transformation is promoted even at low cooling rates by the addition of small amounts of boron which leads to a wider process window. Due to the bainitic microstructure high and ultra-high strength grades are achievable for a wide range of finish rolling temperatures and even for slow cooling rates.
